While persistence of subtle phonological deficits in dyslexic adults is 10 well documented, deficit of categorical perception of phonemes has 11 received little attention so far. We studied learning of phoneme 12 categorization during an activation H 2 O 15 PET experiment in 14 13 dyslexic adults and 16 normal readers with similar age, handedness 14 and performance IQ. Dyslexic subjects exhibited typical, marked 15 impairments in reading and phoneme awareness tasks. During the 16 PET experiment, subjects performed a discrimination task involving 17 sine wave analogues of speech first presented as pairs of electronic 18 sounds and, after debriefing, as syllables /ba/ and /da/. Discrimination 19 performance and brain activation were compared between the acoustic 20 mode and the speech mode of the task which involved physically 21 identical stimuli; signal changes in the speech mode relative to the 22 acoustic mode revealed the neural counterparts of phonological top-23 down processes that are engaged after debriefing. Although dyslexic 24 subjects showed good abilities to learn discriminating speech sounds, 25 their performance remained lower than those of normal readers on the 26 discrimination task over the whole experiment. Activation observed in 27 the speech mode in normal readers showed a strongly left-lateralized 28 pattern involving the superior temporal, inferior parietal and inferior 29 lateral frontal cortex. Frontal and parietal subparts of these left-sided 30 regions were significantly more activated in the control group than in 31 the dyslexic group. Activations in the right frontal cortex were larger 32 in the dyslexic group than in the control group for both speech and 33 acoustic modes relative to rest. Dyslexic subjects showed an unexpected 34 large deactivation in the medial occipital cortex for the acoustic mode 35 that may reflect increased effortful attention to auditory stimuli. 36
38 Introduction

39
According to preponderant theories, developmental dyslexia, a 40 specific deficit of learning to read and spell, relates to impaired 41 phonological representations to which efficient mapping of 42 homologous written components cannot be stabilized and auto-43 matized (Frith, 1999) . At variance with other disorders of language 44 processing described in dyslexia, impairment of categorical 45 perception of phonemes (Serniclaes et al., 2001 ) and particularly 46 the abnormalities of its neural counterparts have received only little 47 attention so far (Ruff et al., , 2003 (for a review, see Demonet 48 et al., 2004) . Disorders of categorical perception of phonemes 49 imply defective discrimination between phonetically close pho-50 neme pairs and, possibly, abnormal neural substrates of the 51 corresponding phonological representations. In dyslexic subjects, it 52 may be that the neural coding of each phonological representation 53 share too many components with the other or that the correspond-54 ing neural counterparts cannot be activated differentially (Labatut 55 et al., 2004) . 56 Though categorical perception per se is a widely shared ability 57 among mammal species, phoneme categorization is crucial to 58 speech perception as it allows subjects to group under the same 59 phonological representation an open set of acoustically variable 60 stimuli, as rich as the number of people who could pronounce them 61 (Liberman et al., 1957) . For normal readers, well-categorized 62 phonological representations stored in perceptual long-term 63 memory constitute the basic repertoire with which written material 64 can be associated. 65 Categorical perception is a dynamic phenomenon that shows 66 learning effects so that subjects exposed to unfamiliar stimuli 67 become progressively able to associate them with known speech 68 sounds (for details, see Serniclaes et al., 2001 ). The study of such 69 learning-related effects on both behavioral performance and neuro-70 imaging signals constitutes an experimental framework that is 71 suitable for appraising the top-down influence of long-acquired 72 phonological representations on the categorization of unfamiliar, 73 ambiguous acoustic stimuli. Experiments of this type have been 74 conducted by Serniclaes and colleagues (2004) in normal and 75 dyslexic subjects who were presented with ambiguous synthetic 76 stimuli prepared with sine waves mimicking /ba/ and /da/ syllables 77 and asked to discriminate them in stimulus pairs. Although 78 immediately perceived as electronic sounds resembling short 79 whistles ("non-speech mode" or "acoustic"), these sounds were 80 in most cases recognized as syllables after short training and 81 debriefing ("speech mode") as a result of phonological top-down 82 processes that facilitate stimulus categorization. Dehaene-Lambertz 140 Scale, WAIS-III) and achieved high school level. Four dyslexic 141 subjects and three control subjects were left-handed according to 142 the Edinburgh Inventory.
143
Inclusion/exclusion criteria 144 Diagnosis of dyslexia. Dyslexic subjects had a documented 145 history of reading difficulties during childhood and received 146 speech therapy over variable periods. They were diagnosed in 147 accordance with the guidelines of the WHO ICD-10.
148 The following tests were used to assess language and working 149 memory: reading of regular, irregular and "loan" words (e.g., 150 "yacht" in French), rapid digit naming, phoneme awareness tasks 151 (notably phoneme deletion, rhyme judgment and spoonerisms) and 152 auditory word span for 1-syllable and 4-syllable words.
153 From a previously established procedure, four behavioral tests 154 were used to further ascertained the diagnosis of developmental 155 dyslexia: reading regular words (cut-off latency between stimulus 156 appearance on a computer screen and onset of subject's oral response 157 660 ms), reading legal pseudo-words (cut-off latency 940 ms), 158 reading aloud 50 digits (mean time cut-off 18 s), spelling on dictation 159 of 15 irregular frequent words (cut-off >3 errors). Cut-off score was 160 defined following a preexperimental study involving a separate group 161 of 18 adult dyslexics and 65 controls; these criteria are those used in 162 the European Dyslexia Study, as described by Paulesu et al. (2001) 163 and were also used by Ruff et al. (2002 Ruff et al. ( , 2003 and by Silani et al. 164 (2005) . Subjects were considered dyslexic when they scored out of 165 cut-off in at least two of the four tests.
166 Subjects involved in the control group did not match any of the 167 items of the systematic inventory of dyslexia, had no history of 168 learning disabilities in childhood and scored in the normal range on 169 the above listed tests used to diagnose dyslexia. 170 In addition, the "d2" test, a visual test for sustained attention 171 (Brickenkamp, 1994) was used to exclude subjects presenting a 172 developmental disorder of attention; only subjects scoring on the 173 GZ index in the upper two quartiles were included. 2005 , for details). The 'same' responses were 204 associated with either the right or the left mouse button in balanced 205 subgroups of the two groups of control or dyslexic subjects.
174
206
We used stimuli made from sine wave analogues of a 207 (consonant + vowel /a/) syllables wherein the consonant was varied 208 along a place-of-articulation continuum. The endpoints were given 209 appropriate values for perception of a /ba/ syllable at one end and 210 for the perception of a /da/ syllable at the other end. The difference 211 in place of articulation between two initial consonants was created 212 by modifying the onset of the initial frequency transition (SIN2 and 213 SIN3), which corresponded to those of the second and the third 214 formant in natural speech (F2 and F3). This onset frequency varied 215 from 975 Hz to 1800 Hz in three equal steps of 275 Hz for SIN2 216 and from 1975 Hz to 3400 Hz in three equal steps of 475 Hz for 217 SIN3. The end frequencies of SIN2 and SIN3 transition were fixed 218 at 1300 Hz and 2500 Hz, respectively. The stimuli were labeled 219 according to their phonemic identity (i.e., depending on whether 220 they were predominantly identified as /ba/ or /da/) and to the onset 221 of SIN2: ba975, ba1250, da1525 and da1800. The initial frequency 222 of the lowest formant (F1) was 100 Hz, and its end frequency was 223 750 Hz. The VOT was 60 ms, the duration of all frequency 224 transition was 40 ms and the duration of the stable vocalic segment 225 was 170ms including this period of transition.
226
Stimuli were presented in pairs with an ISI of 100 ms and an 227 available time for response of 1440 ms, yielding an SOA of 2 s.
228
Two different versions of this continuum were constructed, 229 differing only according to the synthesis method, either pure 230 sine wave synthesis (SWac and SWsp) or pitch-modulated sine 231 wave synthesis. The latter was obtained by adding low 232 frequency amplitude modulation to the sine wave sounds and 233 called SWsp + F0. F0 modulation made the stimuli appearing 234 clearly as synthetic speech samples (see Serniclaes et al., 2001 , 235 for details).
236
Pairs were made of either the same stimulus (BA 1 /BA 1 ; DA 1 / 237 DA 1 ; BA 2 /BA 2 and DA 2 /DA 2 ), "within-category" stimuli (i.e., 238 pairs in which stimuli differed in acoustic terms but pertained to the 239 same phonological category, BA 1 /BA 2 ; BA 2 /BA 1 ; DA 1 /DA 2 and 240 DA 2 /DA 1 ) or "between-category" stimuli (i.e., pairs in which 241 stimuli differed in phonological terms, BA 1 /DA 2 and DA 2 /BA 1 ).
242
The PET procedure involved 12 runs including 3 runs (or 243 sessions) for 3 experimental tasks, SWac, SWsp and SWsp with 244 F0, interspersed with 3 rest runs without auditory stimulation.
245
Each experimental run was made of 72 pairs of stimuli pseudo-246 randomly distributed among the three types of pairs, with 24 247 SAME (6BA 1 /BA 1 ; 6DA 1 /DA 1 ; 6BA 2 /BA 2 and 6DA 2 /DA 2 ), 24 248 WITHIN (6BA 1 /BA 2 ; 6BA 2 /BA 1 ; 6DA 1 /DA 2 and 6DA 2 /DA 1 ) and 249 24 BETWEEN (12BA 1 /DA 2 and 12DA 2 /BA 1 ) pairs.
250
Subjects were asked to listen carefully and detect possible 251 differences between stimuli within pairs.
252
In the first 3 task runs (SWacoustic or "SWac" condition), 253 subjects were told that they will perform an auditory task involving 254 electronic sounds, avoiding any reference to language processing.
255
After these first 3 runs, subjects were debriefed and instructed 256 that the stimuli were in fact synthetic syllables. They were trained 257 to discriminate well between these synthetic /ba/ versus /da/ 258 syllables. For the sake of rapid training efficacy, subjects were 259 trained with either SAME or BETWEEN pairs, presented in six 260 short sessions of twenty pairs, alternating sessions with and 261 without F0. 262 All subjects quickly reached a 75% of accurate judgment using 263 these stimuli. 264 Then, in addition to rest runs, the PET experiment further 265 involved the other two experimental conditions, each involving 266 three runs, SWsp and SWsp + F0. Subjects were equally distributed 267 in two subgroups according to whether the SWsp condition was 268 administered before (8 control subjects, 7 dyslexic subjects) or after 269 (8 control subjects, 7 dyslexic subjects) the SWsp + F0 condition. 270 Before each experimental condition, a demonstration of twenty 271 pairs of sounds (10 SAME and 10 BETWEEN) were presented 272 involving stimuli with or without F0 to keep subjects familiar with 273 the task.
274 The study was approved by the local Ethics committee and all 275 subjects gave written informed consent.
276
Data analysis
277
Analysis of behavioral responses involved accuracy scores 278 consisting of % of "same" responses to SAME pairs, % of 279 "different" responses to BETWEEN pairs and % of "different" 280 responses for WITHIN pairs. It should be noted that for the latter 281 pair type the assignment of accuracy to 'different' responses is 282 rather arbitrary as it refers to differences in acoustic terms whereas, 283 in consideration of categorical perception, one would expect 284 'same' responses to be the correct answers.
285 Neuroimaging data were analyzed with SPM2. Images were 286 realigned using the first scan as reference and then transformed into 287 the standard space of the Montreal Neurological Institute template 288 and smoothed with a 8-mm Gaussian filter. First, across-condition 289 contrasts were obtained in each individual (threshold P < 0.001).
290 Then random-effect analyses were conducted for across-condition 291 contrasts in each group (e.g., (SWac-rest)) with an uncorrected 292 threshold set at P < 0.001 and a cluster extent k > 30 voxels. Between-293 groups comparisons (e.g., [SWsp-rest] cont vs. [SWsp-rest] dys ) used 294 a threshold at P < 0.05 and a cluster extent k > 30.
295 In general, between-groups compound contrasts were analyzed 296 using an inclusive mask (threshold P= 0.05) which consisted of the 297 second term of the contrast to isolate increase of activation in the 298 first term over and above activations in the masking contrast. 299 Therefore, any significant cluster in the compound contrast reflect 300 significant activation in both groups and a surplus of activity in the 301 group considered in the first term.
302 As the neural correlates of phonological top-down processing 303 have never been examined in developmental dyslexia following 304 learning, the exploration of the present neuroimaging data was 305 systematic and involved two main sections, analyses of effects in 306 each group of subjects and analyses between groups. 307 For both within-group and between-group analyses, we 308 considered in turn effects of each task compared to rest and 309 comparisons between tasks (e.g., speech vs. acoustic). Contrasts 310 comparing either acoustic or speech perception against rest are 311 important to address deactivation effects and brain activity changes 312 related to attention modulation. As mentioned in the introduction, 313 the direct comparison between the acoustic (SWac) and the speech
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314 (SWsp) modes of the experiment allowed us to explore the brain 315 correlates of top-down phonological processes while heard stimuli 316 were physically identical. These effects were formally tested as the 317 interaction between group effect (control/dyslexic subjects) and 318 mode effect (speech/acoustic). This interaction was assessed as the 319 outcome of the compound contrast ([SWsp-SWac] cont vs. [SWsp-320 SWac] dys ). At variance with other compound contrasts analyzed in 321 this study (see above), this contrast was masked inclusively 322 (P= 0.05) with the first term as decreased activation was expected 323 in the dyslexic group on the basis of previous findings of reduced 324 brain activities for speech perception in developmental dyslexia 325 (for a review, see Temple et al., 2002) .
Results
Performance on neuropsychological tests
328
As generally reported (Paulesu et al., 2001 ), dyslexics performed 329 significantly worse than controls in reading, short-memory and 330 phonological tasks, in spite of normal IQ and attention capacities. In 331 reading tests as well as in phoneme awareness tests we observed a 332 significant difference between the two groups not only in terms of 333 response accuracy but also in terms of reaction time. 334 Table 1 summarizes the results on tests used as inclusion 335 criteria. Strong differences were observed between the two groups 336 for reaction times while a less marked but still significant 337 difference existed for spelling irregular words on dictation. 338 Table 2 shows performance on other language tests that 339 demonstrated significant deficits in dyslexic subjects relative to 340 control subjects except for long-word span and non-word spelling 341 tasks. Performance IQ did not differ in the two groups.
342 Performance on the speech sound task during the PET session
343
We performed two ANOVAs with repeated measures on 344 accuracy scores and reaction time considering the two groups 345 across twenty seven sessions subdivided in three within-subject 346 factors (3 pair types, 3 Conditions and 3 sessions), group (normal 347 vs. dyslexic) being considered an independent variable. 348
For accuracy scores, the ANOVA with repeated measures 349 showed a significant group main effect [F(1,25) = 4,36, P= 0.047] 350 as control subjects showed slightly better performance than 351 dyslexic subjects.
352
Strong main effects for each within-subject factor were obtained: 364 Before debriefing, stimuli pairs were not discriminated and even the 365 BETWEEN pairs gave rise to 'same' responses in most cases; the 366 condition effect on the BETWEEN pairs was highly significant [F 367 (1,28) = 143,01, P < 0.001]. Table 3 presents the distribution of 368 accuracy scores for each type of pairs over the experiment (for the 369 sake of clarity, results were presented as if all subjects underwent 370 SWsp + F0 then SWsp). In most cases, control subjects performed 371 better than dyslexic subjects for non-"different" pairs (BETWEEN 372 and SAME pairs). For WITHIN pairs, the number of responses 373 'different' increased after debriefing; planned comparisons showed 374 highly significant differences in the dyslexic group [F(1,25) = 13. Although group effect failed to reach significant threshold, an 393 LSD Fisher's test showed a significant increase of responses 394 latencies along the first three runs (SWac) in the control group 395 only. [P(SWac1*SWac2) = 0.007, P(SWac1*SWac3) < 0.001 and P 396 (SWac2*SWac3) = 0.028].
PET results
398 Contrasts between experimental conditions in each group of 399 subjects 400 Control group. The comparison of the SWac condition relative to 401 rest showed activation clusters which predominated in the right 402 hemisphere and involved mainly the posterior part of the superior 403 temporal gyrus, spreading to the posterior/inferior frontal cortex 404 and the inferior parietal cortex, a symmetrical pattern, though 405 reduced in extension, being observed in the left hemisphere. 406 In the SWsp-rest contrast, a clear effect of debriefing and 407 learning was a right-to-left shift of activation preponderance in the 408 control group (Fig. 2) . In this group, activations in the left 409 hemispheric perisylvian cortex were predominant after subjects 410 were informed of the linguistic nature of stimuli, relative to the 411 naive SWac condition. In more details, the comparison of SWsp 412 condition relative to rest showed activation clusters which 413 predominated in the left hemisphere and involved the superior 414 temporal gyrus, the inferior parietal lobule, the lower sensory-motor 415 cortex and the posterior inferior premotor cortex ('Broca's area'). In 416 the right hemisphere activation concerned the homologous areas 417 but to a lesser extent, as clusters were reduced in extent and 418 amplitude; they were located in the superior temporal gyrus, the 419 inferior and middle frontal gyri and the inferior parietal cortex. 420 For both SWac and SWsp against rest, activations were seen in 421 the upper part of the cerebellum bilaterally.
422 For both these contrasts also, deactivations were observed 423 (clusters in green on 426 Similar results were brought up by the SWsp + F0-rest 427 contrasts. The similarity of effects of SWsp + F0 relative to SWsp 428 was observed over the whole set of results so that these effects will 429 no longer be considered in the paper.
430 Results of the SWsp-SWac contrast (Fig. 3) revealed the neural 431 counterparts of the phonological perception mode effect following 432 debriefing and discrimination training. They consisted of bilateral 433 activation in motor/premotor areas, the parietal cortex and the 434 anterior cingulate cortex. The preponderance of activation in the 435 left hemisphere was less obvious than in the above-described 436 contrasts against rest. However, it was confirmed by the extent of 437 the activated clusters in homologous regions. In the left parietal 438 region 830 voxels were activated in the left cluster against 545 439 voxels in the right one ( Fig. 3 ; green arrow) with similar Z value 440 for their peak. This left-sided preponderance was also observed in 441 the frontal region with a cluster extending over 934 voxels in the 442 left BA6 and BA9 regions against 184 voxels in the right 443 homologous one. The peak Z score of these clusters were also 444 similar (i.e., 4.63 for the right frontal cluster and 4.31 for the left 445 one).
446
Dyslexic group. For the SWac-rest comparison (Fig. 2) , the 447 activation clusters predominated in the right hemisphere, implicat-448 ing, as in the control group, the posterior part of the superior 449 temporal gyrus and the posterior/inferior frontal cortex; however, Mean scores in each run and each group of subjects (rate of 'different' responses to BETWEEN pairs and to WITHIN pairs, rate of 'same' responses to SAME pairs). Note the large improvement of performance after debriefing. t3:10 450 the pattern seemed to differ from that in controls as the cluster 451 located in the inferior parietal cortex extended higher towards the 452 upper part of the supra-marginal gyrus, and the right temporal 453 cluster spread towards the middle temporal gyrus; finally, an 454 additional cluster concerned the middle frontal gyrus.
455
In the SWsp-rest contrast (Fig. 2) , an increase of activation in 456 the left hemisphere was observed after debriefing with a pattern 457 similar to that observed in the control group although the extent of 458 activated clusters seemed diminished. An additional cluster was 459 found in the left middle frontal gyrus. In the right hemisphere, the 460 activation pattern is close to that observed in the control group.
461
For both contrasts, an activation in the upper part of the left 462 cerebellar hemisphere was found.
463
As shown on Fig. 2 , deactivations were observed in the 464 dyslexic group; the pattern of these effects was roughly similar to 465 that observed in the control group. However, even though subjects 466 kept their eyes closed over the experiment, the SWac condition in 467 dyslexic subjects elicited deactivation in the occipital cortex that 468 was not observed in normal readers. 469 In the SWsp-SWac contrast ( Fig. 3; Table 4 ), although the 470 pattern seemed close to that observed in the control group, 471 activated clusters appeared smaller. Activations were found in the 472 left hemisphere in precentral, inferior frontal, claustrum/insula, 473 postcentral, precuneus and posterior cingulate cortices, while they 474 were located in the right hemisphere in precentral, anterior 475 cingulate, cuneus and lingual/primary visual cortices. Fig. 3 . SWsp minus SWac contrast in each group of subjects. Dyslexic group shown on the right and Control group on the left (abbreviations as in Fig. 2) . Fig. 2 . SWac minus rest contrast (top) and SWsp minus rest contrast (bottom) in each group of subjects. Control group on the left and dyslexic group shown on the right. Red (surface rendering) and "Hot" (slices) clusters represent activations while green (surface rendering) and "cold" (slices) clusters refer to deactivation. Coordinate for horizontal slice: z talairach = − 8. Abbreviations: SWac = sine wave syllables perceived as sounds before training; SWsp = same sine wave syllables as in SWac, perceived as speech after training (see text for details). Therefore, activation in a large part of the medial occipital 477 cortex (especially BA17) was found that was not noted in the 478 control group.
479
These qualitative observations of the pattern of activation in the 480 dyslexic group relative to the control group were further explored 481 by a formal, statistical between-group analysis. Fig. 5B; Table 6 ), activations were found in the right middle and 502 inferior frontal areas homologous to Broca's area, in the right 503 parahippocampal gyrus, as well as clusters in right thalamus, left 504 putamen and both cerebellar hemispheres.
505
Comparison between tasks (SWsp vs. SWac). We first analyzed 506 the results of the main effects of the interacting factors. 507 One factor consisted of the effect of perception mode whatever 508 the groups, i.e., the opposition between the acoustic and the speech 509 modes of the experiment allowing us to explore perception mode 510 effects. This main effect just confirmed the large frontal-parietal 511 pattern with left-sided predominance observed in each group 512 separately (Fig. 6A) . 
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The second factor was the group effect in both acoustic and 514 speech modes of the experiment (Fig. 6B) . The group main effect 515 concerned few clusters; however, it revealed higher activity during 516 both auditory tasks in control readers relative to dyslexic subjects 517 in some small cortical regions, especially in the left inferior parietal 518 lobule (x, y, z = − 43, −46, 24) and the left insula (x, y, z = − 43, − 1, 519 17). The reverse comparison showed tiny clusters located in most 520 posterior temporal regions (see Fig. 6C ; x, y, z = ±39, −80, 23). (Fig. 7A ) revealed the surplus of activity in the control 524 group relative to the dyslexic group for the SWsp-SWac contrast.
525 The brain areas that were more sensitive to phonological perception 526 mode effects in the normal readers compared to dyslexic subjects 527 predominated in the left hemisphere with clusters scattered in the 528 frontal, temporal and parietal lobes (see corresponding clusters Only clusters corresponding to voxel level P < 0.01 uncorrected were listed. t5:24
Abbreviations as in Table 4 . t5:25
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529 located in the left-sided BAs 6, 13/47, 37 and 40 in Table 7 ). In the 530 right hemisphere, fewer activation clusters were found that were 531 concentrated around the sylvian sulcus and in subcortical structures. 532 Moreover, an activation cluster was also seen in the cingulate cortex.
533
We hypothesized differential effects of our experimental 534 paradigm in control versus dyslexic subjects in the left parietal 535 region. To further analyze this effect a three-factor (hemisphere, 536 group, perception mode), ANOVA was conducted on CBF values Only clusters corresponding to voxel level P < 0.01 uncorrected were listed. t6:30
Abbreviations as in Table 4 . t6:31 537 recorded at the peak of the left-sided parietal cluster ( x, y, z = 538 − 36 −44 34) and the homologous right-sided cluster (x, y, z = 40 539 − 52 38). These analyses were graphically depicted in Fig. 7A , 540 bottom-left. A significant main effect of perception mode was 541 found [F(1,28) = 11.89, P= 0.001] as well as a slight hemisphere 542 main effect [F(1,28) = 4.15, P= 0.05]. A strong interaction between 543 group and perception mode was observed [F(1,28) = 17.01, 544 P= 0.0003]. This interaction was due to strong signal increase from 545 SWac to SWsp in the control group bilaterally (paired t-test, 546 P= 0.004, left peak; P= 0.001, right peak). Post hoc analyses further 547 demonstrated (i) diminished activation in the left-sided region in the 548 speech mode in the dyslexic group relative to the control group (post 549 hoc unpaired t-test P= 0.008), and (ii) higher activity in the right 550 parietal region in the dyslexic group relative to the homologous left-551 sided region whatever conditions (post hoc paired t-test P= 0.0001).
552
The reverse contrast ([SWsp-SWac] dys vs. [SWsp-SWac] cont ) 553 (Fig. 7B) showed that signal change between SWsp and SWac was 554 larger in dyslexic subjects than in control subjects in areas located 555 in the medial occipital and inferior temporal cortex, predominantly 556 in the right hemisphere (Fig. 5) . However, deactivation was 557 observed in the very same region for the SWac-rest contrast in the 558 dyslexic group (see above Results Section 1.2). To further 559 investigate this phenomenon, an analysis of signal changes 560 relative to rest in SWac and SWsp, respectively, was conducted, 561 in each individual, in the main peak of a cluster located in the right 562 medial occipital cortex BA19 (x, y, z = 10, − 96, − 12). These 563 results were used to compute a (group, condition) ANOVA that 564 showed an effect of condition [F(1.28) = 11.14, P= 0.002] and a 565 Group × Condition interaction [F(1,28) = 6.03, P= 0.02] (see histo-566 gram in Fig. 7B ). These findings confirmed that the effect 567 observed in the compound contrast came from lowered activity in 568 the SWac condition in dyslexic subjects relative to both rest and 569 SWsp, whereas a slight, non-significant trend to deactivation was 570 found in the control group for both SWac and SWsp relative to 571 rest. Additional small clusters were located in left precentral and 572 right cerebellum regions.
Discussion
574
Behavioural results
575
This study showed that a discrimination task for synthetic 576 speech pairs elicited similar pattern of performance in both the 577 dyslexic group and the normal reader group. In the naive stage of 578 the experiment, or its acoustic mode, subjects tended to react to any 579 pair types by giving 'same' responses. In both groups categorical 580 discrimination responses appeared only after debriefing and 581 training. The setting up of categorical perception after debriefing 582 was witnessed by the dramatic increase of the number of 'different' 583 responses to BETWEEN pairs in the speech mode of the 584 experiment (SWsp and SWsp + F0). It is worth of note that, in 585 spite of a slight trend for decrease of the averaged rate of 'same' 586 responses to SAME pairs as the experiment went on, this effect 587 was not significant although more marked in the dyslexic group 588 than in the control group. Whereas the rate of 'different' responses 589 to WITHIN pairs increased significantly from the acoustic to the 590 speech mode of the experiment, it remained well below the 50% 591 threshold although subjects were encouraged to find out possible 592 differences between heard items. Crucially, an interaction was 593 found between conditions (SWac vs. SWsp) and pair types 594 (BETWEEN vs. WITHIN) so that the increase of the rate of 595 'different' responses from SWac to SWsp was higher for 596 BETWEEN pairs. Overall, these performance patterns advocate 597 for a general trend to categorical perception strategy in the speech 598 mode in both control and dyslexic subjects. Analysis of reaction 599 times concurs with this interpretation. In both groups, RTs were 600 longer for BETWEEN pairs in the SWac condition and whatever 601 pair types in speech mode conditions. Access to phonological 602 representations, as stable entities stored in perceptual long-term 603 memory, is a prerequisite to categorical perception of speech. The 604 observed increase of processing time might relate to access to 605 phonological representations with which incoming stimuli had to 606 be matched before subject could make a decision; this top-down 607 processing has an additional time cost effect (Kosslyn et al., 1995; 608 Pernet et al., 2004) . 609 In spite of the similarities of performance patterns between the 610 two groups, accuracy scores were higher in the control group than 611 in the dyslexic group. Although moderate, this group effect did not 612 interact with any other factor; this suggests that a basic, qualitative 613 difference exists between the two groups as far as the proficiency 614 of categorical perception is concerned. 615 In sum, categorical perception strategy had developed over our 616 experiment in both groups although this strategy was more efficient 617 in normal readers than in the adult dyslexics we studied. In these 618 subjects, persistent deficits in many language and memory tasks 619 were readily observable. However, although reduced, their ability to 620 perform a new phonological categorization suggests that incomplete 621 compensation might have alleviated a basic speech perception 622 deficit (Shaywitz and Shaywitz, 2003a,b; Shaywitz et al., 2003) . 623 These compensatory mechanisms observed in our adult dyslexic 624 subjects might account for the discrepancy between the present 625 behavioral results and those described with the same behavioral 626 paradigm by Serniclaes et al. (2001) . In the latter, a more deviant 627 pattern of performance was found in younger dyslexic subjects since 628 they showed higher rate of 'different' responses to WITHIN pairs in 
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629 the acoustic mode relative to age-matched normal readers, a trend 630 that was not observed in the present study.
PET results
632
In the group of normal readers, the PET results showed a leftward 633 asymmetry in the speech mode of the discrimination task while a 634 predominantly right temporal response was elicited by the acoustic 635 mode. By contrast, in the dyslexic group, top-down effects did not 636 result in such a right-to-left shift in the perisylvian areas; the less 637 efficient categorical perception observed in this group involved was 638 associated with diminished activations in the perisylvian regions that 639 was found activated in the control group. These results will be 640 discussed considering in turn effects observed in each group and 641 between groups. For between-group comparisons, results should be 642 considered with some caution as the statistics were not corrected for 643 multiple comparisons; however, the whole study was obtained from 644 a second-level statistical analysis and the reported peaks were well 645 below the considered thresholds.
Normal readers 647
We will first address the results observed in the group of normal 648 readers considering the available literature on the brain correlates 649 of phonological perception. The pattern of activation observed in 650 the group of normal readers in the acoustic mode relative to the rest 651 condition involved mainly the posterior part of the right superior 652 temporal gyrus, together with a part of the inferior parietal lobule 653 and the inferior frontal gyrus. This result is consistent with 654 activation observed for the non-phonemic condition of a recent 655 study of categorical phonemic perception in normal subjects 656 (Liebenthal et al., 2005) although these authors reported 657 symmetrical activity in an experiment where subjects were given 658 feedback on the nature of heard stimuli. The rightward preponder-659 ance we obtained in the naive subjects could relate to the 660 processing of spectral features of stimuli as non-verbal auditory 661 objects (Zatorre and Belin, 2001) . 662 In the speech mode compared to rest, a massive left-sided 663 activation was observed in three main clusters distributed in the 664 posterior superior temporal, the inferior parietal and the motor and 665 premotor cortex; in the right hemisphere homologous but weaker 666 activations were seen in the inferior parietal and superior temporal 667 regions. The specificity of these effects vis-à-vis phonological top-668 down processes was assessed by the SWsp-SWac contrast; the 669 perisylvian leftward predominance of activity was identified 670 although it was not as pronounced as might be expected from 671 the lower level comparisons; it concerned mainly the motor/ 692 the posterior superior temporal cortex might have a role as a 693 temporary buffer for phonological contents during speech proces-694 sing before these information could be transferred to further 695 components of the 'dorsal speech pathway' (for a review, see 696 Demonet et al., 2005) . 697 Activation in the left inferior parietal lobule (mainly in the 698 supra-marginal gyrus) and motor/premotor cortex (BAs 4/6) is 699 likely to reflect respectively the coding of segmented auditory 700 speech streams into abstract phonological representations and their 701 transformation their articulatory counterparts (Hickok and Poeppel, 702 2000) . The activation of the left inferior premotor has been 703 repeatedly described for phonemic processing as for instance a 704 recent study by Katzir et al. (2005) .
705
Dyslexic subjects
706 Considering results obtained in the group of dyslexic subjects, 707 the activation observed for the acoustic mode was roughly similar 708 to the pattern found in the control group; however, the rightward 709 predominance was even larger and the involvement of the right 710 inferior frontal gyrus was especially marked as also revealed by the Only clusters corresponding to voxel level P < 0.01 uncorrected were listed. t7:41
Abbreviations as in Table 4 . t7:42 771 located subregion was found more active in the control group than 772 in the dyslexic group in both SWac and SWsp tasks. This finding 773 stresses again the consistency of the functional deficit of this lower 774 part of the left parietal cortex in dyslexia. 775 While our hypothesis concerned differential effects in the left 776 parietal cortex, this study revealed similar effects in the homo-777 logous right-sided parietal cortex with signal increase from SWac 778 to SWsp in control readers (Fig. 7A, bottom) . This finding suggests 779 that either top-down phonological processes or training of difficult 780 phonological contrasts in normal subjects might result in the 781 bilateral recruitment of parietal cortex as also suggested by Callan 782 et al. (2003) and by Dehaene-Lambertz et al. (2005) in the previous 783 experiment conducted in normal readers with the stimuli we used 784 in dyslexic subjects the pattern of activation in these regions is 785 drastically different from that seen in normal subjects. While these 786 portions of the parietal cortex were insensitive to change in 787 perception mode, the level of activity was significantly higher on 788 the right hemisphere compared to the left one as also suggested by 789 Simos et al. (2002) . 790 Higher activation in the control group than in the dyslexic 791 group for speech against acoustic mode concerned other clusters, 792 distributed across the posterior part of the left temporal cortex, 793 from BA22 to BA37 (Fig. 7A) . The left BA37 has already been 794 shown to activate less in dyslexic subjects than in control subjects 795 in a reading aloud task (Paulesu et al., 2001 ); a voxel-based 796 morphometry study has recently revealed that this region was 797 characterized, in the same subject samples, by abnormal grey 798 matter density in dyslexic subjects (Silani et al., 2005) . Moreover, a 799 categorization task brought out selective activation of this region 800 for Latin letters compared to geometrical shapes and unknown 801 letters (Pernet et al., 2004 (Pernet et al., , 2005 . Moreover, McCrory et al. (2005) 802 showed that in dyslexic subjects a functional deficit exists in the 803 left BA37 not only for reading tasks but also for naming visually 804 presented object drawings. The present study considered together 805 with these previous results therefore suggests that modality-806 independent effects might exist in this region for language tasks so 807 that dyslexic subjects would show diminished activation relative to 808 that observed in control readers whatever the tasks, at least those 809 involving sublexical processing (e.g., phoneme/grapheme associa-810 tion). This possible a-modal deficit might be a consequence of 811 developmental abnormalities of the cortical structure in this region. 812 It should be noted however that the present study, reported on 813 results of an auditory speech task, and previously mentioned 814 studies dealt with reading tasks, and congruent effects only 815 concerned a restricted zone of partial overlap. Studies involving 816 reading tasks mentioned above did not reveal any group difference 817 in the superior temporal gyrus (BA22) while in turn, the present 818 study did not show differential effects in the lower part of BA37, a 819 key region for reading tasks. 820 Finally overactivations in the control group relative to the 821 dyslexic group were also observed in the inferior frontal cortex 822 bilaterally. The involvement of the left inferior frontal region in this 823 pattern is in accordance with the well-acknowledged role of left 824 premotor areas in phonological processing (Bookheimer, 2002) . 825 Moreover, another important overactivated cluster was located in 826 the right BA6. (A) Many neuroimaging studies have described 827 activation in the right premotor cortex and linked this finding to 828 working memory function and attentional resources that subjects 829 engaged to solve cognitive tasks. Our task consisted in judgment of 830 pairs of heard syllables; we previously showed that when working 831 memory load increased for pairs of heard verbal items, enlarged
